A cDNA, VlmybA1-2, for an anthocyanin regulatory gene of grape was constructed under the control of the cauliflower mosaic virus (CaMV) 35SRNA promoter and introduced into leaf disks and petioles of kiwifruit (Actinidia deliciosa) plants by Agrobacterium-mediated gene transfer. When the tissues were cultured on selection medium, red cells visible to the naked eye formed at the cut ends of the segments after approximately 2 weeks. The cells developed into calluses, adventitious buds, and reddish-purple plantlets after 2, 3, and 6 months of culture, respectively. The pigment produced in the leaves of the transformed plants was determined to be cyanidin 3-O-(2-O-β-xylosyl)-β-glucoside (cyanidin 3-O-sambubioside). As VlmybA1-2 can also produce red cells in tomato and eggplant, it may be useful as a visible marker to confirm efficient transformation in dicots.
Introduction
In many plants, two types of transcription factors (MYB and bHLH) control the expression of anthocyanin biosynthesis genes (Holton and Cornish, 1995; . In addition, a regulatory factor, WD40 repeat protein, is important for the expression of anthocyanin biosynthesis genes, which is controlled by a transcription complex containing MYB, bHLH, and WD40 proteins (Koes et al., 2005) . Previously, we showed that VvmybA1, the gene for a MYB transcription factor in grape, plays an important role in the regulation of anthocyanin biosynthesis in grapes (Kobayashi et al., , 2005 . Genetic analyses of berry color also revealed that VvmybA1 is the gene underlying the mapped locus controlling skin color (Lijavetzky et al., 2006) .
The genes for β-D-glucuronidase (GUS) and green fluorescent protein (GFP) are widely used as reporter genes in plants, but visualizing their products requires histochemical staining or a fluorescence microscope. On the other hand, a bHLH (Lc) gene of maize was proposed as a visible marker (reporter gene), which allows monitoring and quantification of gene expression in living cells of maize without any staining procedure (Ludwig et al., 1990) . Such a visible marker would be beneficial in dicot species. Therefore, as a similar reporter gene for dicot species, the possibility of bHLH and MYB (C1) genes of maize were examined (Damiani et al., 1998; Lloyd et al., 1992) ; however, pigment induction by bHLH and C1 genes varied strongly among species. When the cDNA of VvmybA1 was introduced into somatic embryos of grape by particle bombardment, the cDNA induced red cells (Kobayashi et al., 2005) . The cDNAs, VlmybA1-1, VlmybA1-2, and VlmybA2, which are homologs of VvmybA1, also induced red cells in the embryos (Kobayashi et al., 2002) . As VlmybA1-2 seems to have higher potential as a visible marker than bHLH and C1 genes in dicot species, we examined whether VlmybA1-2 is suitable as a reporter gene and can function to produce purple plants of other species.
Vector construction and transformation
A cDNA, VlmybA1-2 (DDBJ accession number AB073011), for a Myb-related gene isolated from a mature-berry cDNA library of 'Kyoho' grapes (Kobayashi et al., 2002) was used as template DNA. From the sequences of the coding region, we designed a forward primer (5'-CGCTCTAGA(XbaI)CTCGATG GAGAGCTTAGGAGTTAG-3') and a reverse primer (5'-CGCGAGCTC(SacI)TAAATCAGATCAAATGAT TTACTT-3') to amplify the coding region. The amplified fragment was then digested with XbaI and SacI and integrated into a binary vector, pBI121 (Clontech, USA), from which the β-glucuronidase (gus) gene sequence had been removed by the same digestion. The chimeric gene was introduced into Agrobacterium tumefaciens strain LBA4404 by triparental mating. Leaf disks and petioles of kiwifruit (Actinidia deliciosa 'Hayward') were infected with this Agrobacterium, the tissues were cultured on solidified MS medium containing kanamycin (50 mg·L −1 ), and plantlets were regenerated as described by Matsuta et al. (1993) . To confirm whether this pigmentation could be extended to other species, we infected 7-day-old cotyledons of tomato and eggplant with the Agrobacterium according to the method of Deikman and Fischer (1988) .
Southern and northern blot analyses
Total DNA was extracted from the leaves of five transformants and a control plant according to the method of Kobayashi et al. (1996) . For each analysis, 3 µg of DNA was digested with SacI followed by XbaI, and another 3 µg of DNA was single-digested with XbaI at 37℃ for more than 5 h in both digestions. Southern blot analysis was performed according to the method of Kobayashi et al. (2005) using DIG-labeled probes prepared from a coding region of VlmybA1-2. Northern blot analysis was also performed as described by Kobayashi et al. (2005) using RNA extracted from the leaves of the plants and the same DIG-labeled probes.
Anthocyanin analysis
Endogenous anthocyanins in the transformants were quantified and analyzed by high-performance liquid chromatography (HPLC). The major anthocyanin detected by HPLC analysis was further purified, and its structure was determined by 1 H-nuclear magnetic resonance (NMR) and electrospray ionization mass spectrometry (ESIMS). Analytical procedures of endogenous anthocyanins were as follows.
Quantification of anthocyanins
One g of young leaves (5-7 cm wide) from each of five selected transformants and one control plant were collected, and the anthocyanins extracted according to the method of Jeong et al. (2004) , with the following modifications. Each sample was ground with a mortar and pestle and extracted three times with 20 mL of 50% (v/v) acetic acid. The mixture was then centrifuged at 2000 × g at 4℃ for 5 min, and the supernatants from the three extractions were combined. After dilution of the extract to 1/10 with 50% acetic acid, absorbance was measured at 530 nm with a spectrophotometer (UV-260, Shimadzu, Japan). Total anthocyanin concentrations were expressed as milligrams of cyanidin-3-glucoside (Extrasynthese, France) equivalents per gram of fresh weight.
HPLC analysis
Anthocyanins in the kiwifruit plants were extracted with 5% aqueous acetic acid. We analyzed 10 µL of the extract using an HP1100 system with a photodiode array detector (Agilent Technologies/Yokogawa Analytical Systems, Japan) and an Intersil ODS-2 column (4.6 mm × 250 mm, GL Science, Japan) at 40℃ with a flow rate of 0.8 mL·min −1 . Absorption spectra were monitored at 240 to 580 nm. A linear gradient of 10% to 50% of solvent B (1.5% H 3 PO 4 , 40% acetonitrile, 50% acetic acid) in solvent A (1.5% H 3 PO 4 ) was run over 40 min. 3.3 Purification of endogenous anthocyanin and spectroscopic analyses by 1 H-NMR and ESIMS Anthocyanins in transformed kiwifruit shoots (3 g fresh weight) were extracted with 5% acetic acid (200 mL× 2). The extract was partitioned with diethyl ether (50 mL × 2), and the acetic acid fraction was evaporated to dryness in vacuo. The residue was dissolved in 1% acetic acid, passed through an ODS column (5 g, Nacalai Tesque Inc., Japan), and eluted with water (100 mL) containing acetic acid increasing in 1% steps. The major anthocyanin was eluted in the 6% aqueous acetic acid fraction. This compound was purified using an HP1100 with a Senshu Pak ODS-4253-D (10 mm × 250 mm; Senshu Scientific Co., Ltd, Japan) at 40℃, with a flow rate of 3.0 mL·min −1 , under isocratic solvent (5% acetic acid, 23% methanol, 72% water), and about 3 mg of compound was obtained. ESIMS spectra were analyzed on a TSQ system (Thermo Quest Finnigan, USA).
1 H-NMR spectra of the extracted compounds were analyzed by ARX400 (Bruker Biospin K. K., Germany) in 
Results

Transformation
Leaf disks and petioles inoculated with Agrobacterium were cultured on kanamycin selection medium. After approximately 2 weeks of culture, red cells, which were visible to the naked eye, formed at the cut ends of the segments (Fig. 1A-C) . The cells developed into calluses after 2 months of culture (Fig. 1D) , and adventitious buds differentiated from the calluses after 3 months of culture (Fig. 1E) . When the adventitious buds had developed into shoots about 5 mm long (after 6 months of culture), they were removed from the calluses and transferred to a medium for plant regeneration. One plant was selected from each segment and proliferated by subculturing on the same medium (Fig. 1F) . In all, 19 plants were regenerated from 309 treated segments. Figure 1G shows a 10-month-old transformant and a control plant. All organs (leaves, stems, and roots) of the transformants were pigmented. No differences in their growth and morphological characteristics were observed between transformed and control plants. When cotyledons of tomato and eggplant were inoculated, purple calluses also formed at the cut ends (Fig. 1H, I ).
DNA detection
The kiwifruit plants were transferred to soil to stimulate their growth, and the integration of VlmybA1-2 was confirmed by Southern blot analysis. When DNA from the plants was double-digested with XbaI and SacI, a 0.7-kbp band corresponding to VlmybA1-2 was detected in four of five transformed plants but not in the control plant (Fig. 2A) . In the fourth transformant (#4), a larger band was observed. This may have resulted from loss of the SacI site of the integrated VlmybA1-2. To determine whether each band was the result of integration of the gene into the plant genome or of bacterial contamination, the DNA was single-digested with XbaI. All transformed plants had one or three bands that represented junctions between T-DNA and adjacent plant DNA (Fig. 2B) . These findings show that the plants had integrated one (#1-4) or three copies (#5) of the gene into their genome.
Gene expression and anthocyanin content
The expression of VlmybA1-2 was examined by northern blot analysis. All transformants showed the band, which was lacking in the control plant (Fig. 3) , confirming that the introduced VlmybA1-2 was transcribed into mRNA in the transformants. The strength of the band, which reflected the level of mRNA expression, differed among the individual transformants. In transformant #4 and #5, it was stronger than the others. The anthocyanin content of the transformants was quantified using calibration curves for cyanidin-3-glucoside. The highest content was 4.5 mg·g −1 fresh weight in young leaves of transformant #5. mRNA expression and anthocyanin content of the plants appeared to be related. 
Identification of endogenous anthocyanins in the leaves
The major anthocyanin, which comprised about 80% of total anthocyanins in kiwifruit shoots, was eluted at 12.1 min in HPLC (Fig. 4) . It was extracted and purified by HPLC and then analyzed to determine its structure. The ESIMS spectrum showed the molecular mass to charge ratio to be m/z 581, suggesting an anthocyanidin and two sugar moieties. Signals of the 1 H-NMR spectrum were assigned to protons of a cyanidin moiety, a β-glucosyl moiety and a β-xylosyl moiety on the basis of their chemical shifts and coupling constants. Correlations between H-4 of the cyanidin and H-1 of the glucoside in the NOESY spectrum and a lower field shift of the H-2 signal of the glucoside indicated linkages of these moieties. The anthocyanin was identified as cyanidin 3-O-(2-O-β-xylosyl)-β-glucoside, that is, cyanidin 3-Osambubioside (Fig. 4) . The similarity of the spectrum to previously reported spectra of cyanidin 3-O-sambubioside (Cabrita and Andersen, 1999) and cyanidin 3-Osambubioside-5-O-glucoside without the signals of 5-Oglucoside (Saito et al., 1995) supports the identification.
Discussion
Although the genes for β-D-glucuronidase (GUS) and green fluorescent protein (GFP) are widely used as reporter genes in plants, a bHLH gene (Lc) was proposed as a visible marker (reporter gene), which allows monitoring and quantification of gene expression in living cells without any staining procedure (Ludwig et al., 1990) . Lc induced pigmented cells in several tissues of maize when introduced by particle bombardment (Ludwig et al., 1990) . As a similar reporter gene for dicots, the possibility of another bHLH gene of maize (Sn:bol3) was examined in several species (Damiani et al., 1998) ; however, they stated that the use of Sn:bol3 as a reporter gene in dicots would be limited, because the induction of tissue pigmentation differed among both species and genotypes examined (Damiani et al., 1998) . The ability of a MYB gene (C1) to induce pigmentation was also examined in dicots. Lloyd et al. (1992) reported that the C1 gene alone could not induce pigmentation in Arabidopsis thaliana or Nicotiana tabacum. We also showed that the introduction of C1 alone or in combination with maize B-Peru (bHLH gene) did not induce pigmentation in somatic embryos of grape (Kobayashi et al., 2002) . On the other hand, in petunia, when very young leaves were bombarded with C1, Lc, and dfrA-gus (in which a dfrA promoter of petunia is fused to the gus reporter gene), red spots were induced, in addition to blue spots that were the result of activation of the dfrA promoter (Quattrocchio et al., 1993) . Thus, pigment induction by bHLH and C1 genes varied strongly among dicot species. Here, we showed that VlmybA1-2, an anthocyanin regulator of grape, can induce pigmented cells, visible to the naked eye, in tissues of kiwifruit, tomato, and eggplant after approximately 2 weeks of culture, and the transgenic kiwifruit produced anthocyanin (cyanidin 3-O-(2-O-β-xylosyl)-β-glucoside) in all organs (leaves, stems, and roots). In addition to the MYB protein, bHLH and WD40 are essential for the activation of promoters of structural genes for anthocyanin biosynthesis (Koes et al., 2005; Quattrocchio et al., 1993 Quattrocchio et al., , 1998 Ramsay et al., 2005) . The bHLH and WD40 proteins may be constitutively supplied in the kiwifruit, tomato, and eggplant tissues examined, since VlmybA1-2 cDNA alone induced pigmentation in the tissues. Similarly, a Myb-like transcription factor, PAP1, from A. thaliana produced purple plants when it was introduced alone into A. thaliana and N. tabacum by means of Agrobacterium-mediated transformation (Borevitz et al., 2000) . Since VlmybA1-2 displays a high degree of sequence similarity to PAP1 (data not shown), VlmybA1-2 might have a similar function to PAP1.
As VlmybA1-2 also induces red cells in several dicot plants other than kiwifruit, tomato, and eggplant (M. Wada, personal communication), the gene may thus be useful as a reporter gene for monitoring and quantification of gene expression in living cells and for determining efficient transformation conditions in dicots.
